Abstract. Delivery system design and adjuvant development are crucially important areas of research for improving vaccines. Peptide amphiphile micelles are a class of biomaterials that have the unique potential to function as both vaccine delivery vehicles and self-adjuvants. In this study, peptide amphiphiles comprised of a group A streptococcus B cell antigen (J8) and a dialkyl hydrophobic moiety (diC 16 ) were synthesized and organized into self-assembled micelles, driven by hydrophobic interactions among the alkyl tails. J8-diC 16 formed cylindrical micelles with highly α-helical peptide presented on their surfaces. Both the micelle length and secondary structure were shown to be enhanced by annealing. When injected into mice, J8-diC 16 micelles induced a strong IgG1 antibody response that was comparable to soluble J8 peptide supplemented with two classical adjuvants. It was discovered that micelle adjuvanticity requires the antigen be a part of the micelle since separation of J8 and the micelle was insufficient to induce an immune response. Additionally, the diC 16 tail appears to be non-immunogenic since it does not stimulate a pathogen recognition receptor whose agonist (Pam 3 Cys) possesses a very similar chemical structure. The research presented in this paper demonstrates the promise peptide amphiphile micelles have in improving the field of vaccine engineering.
INTRODUCTION
Streptococcus pyogenes (group A streptococcus, GAS) is a Gram-positive bacterium restricted to natural growth in humans where it frequently elicits diseases that range in severity from mild infections of the pharyngeal mucosa and dermis to life-threatening invasive infections of connective and muscle tissues leading to necrotizing fasciitis, myonecrosis, and toxic shock (1) . Additionally, postinfection sequelae diseases like acute rheumatic fever and glomerulonephritis can arise following localized infections of the nasopharynx and skin. Epidemiological studies estimate that each year, greater than 500,000 worldwide deaths are attributable to GAS infections, placing it among the top ten leading causes of death from infectious pathogens (2, 3) . In the USA alone, more than $600 million is spent annually treating diseases caused by this organism (4) with no effective preventative method established short of prophylactic antibiotic usage.
Despite decades worth of research, vaccines against GAS remain commercially unavailable (5) . The primary barriers preventing the successful development of a vaccine include variability of surface proteins (6, 7) and the autoreactivity of antibodies raised against GAS proteins like the highly immunogenic M protein (8) . Safety concerns over proteinbased GAS vaccine candidates have been addressed by utilizing peptide antigens from conserved protein domains that do not generate cross-reactive antibodies to host tissues. Specifically, the J8 peptide is a 29 amino acid sequence (QAEDKVKQSREAKKQVEKALKQLEDKVQK) from the C-terminal domain of the GAS M1 protein (M-5 336-364 ) which possesses a conformationally dependent B cell epitope (SREAKKQVEKAL) and has been found to induce an opsonophagocytic, high-titer antibody response in mice (9,10) that does not react with human cardiac tissues (11, 12) .
Peptides are attractive vaccine candidates since they are typically safer than whole pathogen vaccines, but they are often weak immunogens (13) . To enhance the corresponding host immune response, peptide vaccines are often delivered by aid of a delivery vehicle or with immune boosting substances termed adjuvants. While promising experiments have been published that employ J8 peptide delivery vehicles (14, 15) or adjuvanted J8 peptide (10, 16) , this research has yet to lead to a commercially viable GAS vaccine, so novel systems need to be explored. An effective construct should concentrate the peptide antigen, protect it from degradation, enhance its cellular uptake, and adjuvant its immunogenicity in order to induce a robust immune response (17, 18) .
Peptide amphiphiles are a class of biomaterials comprised of peptide-lipid conjugates that undergo self-assembly into micelles in water. They have been shown capable of delivering biologically active peptides for a variety of applications including angiogenesis (19, 20) , osteogenesis (21, 22) , neurogenesis (23, 24) , atherosclerosis treatment (25) , cancer therapy (26, 27) , and islet transplantation (28, 29) . Also, peptide amphiphile micelles are comprised of a high concentration of peptide (30) , inhibit peptide degradation (31) , and can greatly increase peptide intracellular delivery (32) . Recent research by the Tirrell Group has shown that peptide amphiphile micelles that display a tumor-specific cytotoxic T cell epitope can function as a self-adjuvanting vaccine delivery system capable of inducing a tumor-suppressing immune response when given prophylactically (33) . In this report, the potential for peptide amphiphile micelles to act as a self-adjuvanting platform for the delivery of a GAS peptide vaccine was investigated.
MATERIALS AND METHODS

Peptide and Peptide Amphiphile Synthesis
J8 peptide (QAEDKVKQSREAKKQVEKALKQLE DKVQK) was synthesized on Rink amide MBHA resin (Novabiochem) utilizing standard Fmoc solid-phase synthesis with the aid of a PS3 Peptide Synthesizer (Protein Technologies, Inc.). The resulting J8 peptide was treated using a concentrated trifluoroacetic acid solution to deprotect side groups and cleave the peptide from resin. High-pressure liquid chromatography with mass spectrometry controlled fraction collection (LCMS; Shimadzu Corp.) utilizing a reversed-phase C8 column (Waters) with a gradient of acetonitrile in Milli-Q water containing 0.1% formic acid was employed to purify J8 peptide. For J8 peptide amphiphiles, the hydrophobic moiety dipalmitoylglutamic acid (diC 16 ) was synthesized by a previously established method (34) . J8 peptide was synthesized similarly to above except the C-terminal lysine was protected with DDE instead of Boc which was used for the other lysines. The peptide was treated with 2% hydrazine in DMF to orthogonally deprotect the Cterminal lysine amine group which was covalently coupled to diC 16 by an amidation reaction yielding J8-diC 16 peptide amphiphiles. J8-diC 16 was further processed and purified by the same methods as the J8 peptide. All samples were lyophilized and stored at −20°C until used. It should be noted that all peptide and peptide amphiphiles were created in a chemical synthesis laboratory using appropriate personal protective equipment to eliminate exposure to biological contaminants.
Micelle Formation and Characterization
To fabricate micelles, J8-diC 16 peptide amphiphiles were film cast by dissolving them in methanol and evaporating the solvent using nitrogen as a drying gas. Hydration of the films with water or phosphate-buffered saline (PBS) followed by thorough vortexing induced spontaneous micelle formation. The micelles were then allowed to equilibrate overnight. J8-diC 16 micelles were characterized by previously defined methodologies (33, 35, 36) including critical micelle concentration (CMC) analysis, transmission electron microscopy (TEM), and circular dichroism (CD). CMC was measured by fluorescent sequestration where varying concentrations of J8-diC 16 were exposed to 1 mM 1,6-diphenyl-1,3,5-hexatriene (DPH) which greatly increases in fluorescence intensity when trapped within the micelle core. Solutions were prepared and allowed to equilibrate for 1 h prior to fluorescent measurement utilizing a TECAN Infinite M200 plate reader (ex. 350 nm, em. 428 nm). The data were fit with two trend lines which were set equal to one another to determine the fluorescence inflection point (i.e. CMC). Micelle morphology was investigated using negative stain TEM. J8-diC 16 solution (1 uL of 200 μM) was allowed to incubate on Formvar-coated copper grids (Ted Pella, Inc.) for 1 min, after which excess liquid was wicked away with filter paper. Grids were then washed with Milli-Q water and then incubated with aqueous phosphotungstic acid (1 wt %) for 1 min before the solution was wicked away. Samples were allowed to air dry and then imaged on a FEI Tecnai 12 TEM using an accelerating voltage of 120 kV. The secondary structure of J8 peptide in solution and confined within the corona of J8-diC 16 micelles was assessed using CD. CD spectra of 30 μM solutions of J8 and J8-diC 16 were measured in water at 25°C a total of five times and the data was averaged. The data presented represents CD analysis performed at least three times per sample. Water was used alternatively to PBS since chloride ions from the PBS can interfere with CD measurements. The data were averaged and a curve from 190 to 250 nm was fit using a linear combination of polylysine basis spectra (37) to determine approximate α-helix, β-sheet, and random coil peptide secondary structure.
Micelle Annealing and Characterization
To investigate the effect of annealing on micelles, J8 peptide and J8-diC 16 micelle solutions were prepared as described above. Preliminary experiments employing differential scanning calorimetry showed that J8-diC16 micelles anneal at 40°C and undergo an irreversible transition at 70°C as evidenced by the fact that further heat-cool annealing cycles showed no such transition behavior. To ensure annealing has gone to completion, J8 peptide and J8-diC 16 micelle solutions were heating to 70°C for 1 h and allowed to cool back to room temperature and equilibrate overnight. Micelles were characterized for morphometric changes by TEM using the methodology described previously. Secondary structure of the peptide in solution and on the micelle surface was assessed by CD.
Murine Vaccination
Female BALB/c mice 6-8 weeks old were purchased from Charles River and immunized to investigate the capacity for micelles to induce an antibody-mediated immune response. Previous research has shown that the J8 peptide is a weak immunogen which requires adjuvants to be effective (38) . The strong physical adjuvant Incomplete Freund's Adjuvant (IFA) was purchased from Sigma-Aldrich. For control groups, a universal T helper peptide antigen termed KLIP (KLIPNASLIENCTKAEL) (39) and a mock peptide amphiphile (diC 16 -SK 4 ) were synthesized and purified in the lab similarly to methods detailed above. To confirm that diC 16 -SK 4 formed micelles, micelle characterization was conducted and a CMC of 4.53 μM was determined (data not shown). J8-diC 16 and diC 16 -SK 4 micelles used for vaccination were fabricated by the film deposition, rehydration, and annealing method outlined above. Mice were vaccinated in the nape of the neck at days 0 (prime), 21 (boost 1), 28 (boost 2), and 35 (boost 3) with one of three vaccine formulations: 42 to analyze for circulating J8-specific antibody response induced by the previous round of immunization. The blood was centrifuged at 10,000 RPM for 10 min to separate out red blood cells and the supernatant serum was harvested and stored at −20°C until analysis.
Antibody Response Characterization
An enzyme-linked immunosorbent assay (ELISA) was utilized to determine J8-specific antibody titers. Flat-bottom 96-well EIA microtiter plates (Costar) were coated overnight with 100 μL of 10 μg/mL J8 peptide in sodium bicarbonate coating buffer in each well at 4°C. The wells were washed with 200 μL of 0.05% Tween 20 in PBS (PBS-T) three times and then blocked with 200 μL of assay diluent (10% FBS in PBS) for 1 h. The blocking solution was removed and 100 μL of 1:1000 diluted sera samples was added to the top row and then serially diluted twofold with assay diluent down the plate. After 2 h incubation, wells were washed with PBS-T three times and incubated with 100 μL of 1:3000 diluted detection antibody (IgM, IgG, IgA, IgG1, IgG2a, IgG3, or IgG4; Invitrogen) for 1 h. PBS-T was used to wash wells three times, after which 100 uL of Ultra TMB-ELISA substrate solution (Pierce) was added to the wells. Plates were allowed to incubate for 15 min in darkness and then optical density (OD) was measured for each well at 650 nm using a TECAN Infinite M200 plate reader. End point antibody titers were defined as the greatest serum dilution where OD was at least twice that of normal mouse serum at the same dilution.
Toll-like Receptor 2 Stimulation
Toll-like receptor 2 (TLR-2) stimulation activity was characterized similarly to a previously established technique (33) . Human embryonic kidney cells (HEK-293) transfected to express the TLR-2 receptor on their surface which when stimulated causes a luciferase reporter gene to fluoresce were generously provided as a gift by Professor Greg Barton. The cells were seeded at 10 4 cells per well in a 96-well plate in complete culture media (Dulbecco's Modified Eagle Medium supplemented with 10% fetal bovine serum, 4.5 g/L glucose, 4 mM L-glutamine, 1 mM sodium pyruvate, 100 μg/mL streptomycin, 100 units/mL penicillin, and 10 μg/mL Geneticin) and allowed to incubate stimulus-free for 16 h. Cells were exposed to PBS, 10 μM J8 peptide, 10 μM J8-diC16, or 1 μM synthetic triacetylated lipoprotein (Pam 3 Cys-SK 4 , Invitrogen), a known TLR-2 agonist, and incubated for 6 h. The Promega Luciferase Assay System was used according to manufacturer instructions and luminescence was measured at 560 nm using a TECAN Infinite M200 plate reader.
Statistical Analysis
JMP software (SAS Institute) was used to make comparisons between groups using an ANOVA followed by Tukey's HSD test to determine pairwise statistically significant differences (p<0.05). Within the figure graphs, groups that possess different letters have statistically significant differences in mean whereas those that possess the same letter are similar.
RESULTS
Synthesis and Characterization of GAS Vaccine Peptide Amphiphile Micelles
With the J8 peptide sequence possessing a C-terminal lysine, the hydrophobic dialkyl tail moiety (diC 16 ) was able to be covalently tethered to the peptide via an amide bond yielding J8-diC 16 peptide amphiphile (Fig. 1a) . J8-diC 16 amphiphiles were film cast by methanol evaporation and rehydrated to determine if they could self-assemble into micelles. DPH sequestration evident by an exponential increase in fluorescence as a function of increasing peptide amphiphile concentration indicated that J8-diC 16 forms micelles and does so at a CMC of 1.71 μM (Fig. 1b) . Negative stain TEM revealed that J8-diC 16 formed short cylindrical micelles approximately 5-15 nm in diameter and 25-125 nm in length (Fig. 1c) . In order to determine if micellization affected the J8 peptide, CD was employed to determine secondary structure for J8 peptide in solution and in micelles (Fig. 1d) . Interestingly, tethering of J8 peptide within the micelle corona significantly decreased peptide random coil structure while greatly increasing its α-helicity from 0 to 42.5%.
Annealing Modulates GAS Vaccine Peptide Amphiphile Micelle Structure
Previous research has shown that micelle morphology and structure can change over time (40) , which can be expedited by annealing (41, 42) . After heating J8-diC 16 to 70°C and allowing it to cool to room temperature, TEM revealed that long, flexible, cylindrical micelles had been formed approximately 5-15 nm in diameter and 200 nm-2 um in length (Fig. 2a) . CD revealed that annealing J8 peptide in solution and confined within micelles yielded 0 and 50.5% α-helicity, respectively (Fig. 2b) .
GAS Vaccine Peptide Amphiphile Micelles Induce Strong Immune Responses
Mice were subcutaneously vaccinated with either GAS vaccine peptide supplemented with conventional adjuvants (J8+KLIP in IFA), GAS vaccine peptide amphiphile micelles (J8-diC 16 ), or GAS vaccine supplemented with mock micelles (J8+diC 16 -SK 4 ). Harvested serum samples were analyzed by ELISA to determine J8-specific antibody isotype titers (Fig. 3) . Only the J8-diC 16 vaccine was able to induce appreciable IgM titers which were found to be significantly higher than both J8+KLIP in IFA and J8+diC 16 -SK 4 vaccines after the second boost vaccination. Both J8+KLIP in IFA and J8-diC 16 (Fig. 4) . The data show that IgG1 is the dominant antibody with either J8+ KLIP in IFA or J8-diC 16 vaccine. A few mice vaccinated with J8+KLIP in IFA showed appreciable IgG2a titers and a couple of mice given J8-diC 16 had above background IgG3 titers, but neither of these results was significant. IgG4 was also assayed for but no titers were observed (data not shown).
GAS Vaccine Peptide Amphiphile Micelle Adjuvanticity Is Not TLR-2 Mediated
The hydrophobic moiety diC 16 possesses a similar chemical structure to the known adjuvant Pam 3 Cys (Fig. 5a ) which is a TLR-2 agonist. To determine if TLR-2 stimulation was responsible for J8-diC 16 micelle self-adjuvanticity, TLR-2 expressing, luciferase reporter HEK-293 cells were treated in vitro with PBS, J8 peptide, J8-diC 16 micelles, or Pam 3 Cys-SK 4 (Fig. 5b) . Incubation of cells with PBS or J8 peptide induced no fluorescence, indicating an absence of TLR-2 stimulation compared to the positive Pam 3 Cys-SK 4 control. Cells incubated with J8-diC 16 micelles had similar fluorescence levels to cells exposed to PBS and J8 peptide, implying the micelles did not stimulate TLR-2.
DISCUSSION
Vaccines are the most effective method for the prevention of pathogenic infections, yet a viable vaccine that protects against GAS has yet to make it to the market. While previous research employing the J8 peptide vaccine to induce a protective antibody response has been promising (9) (10) (11) (12) , common issues associated with peptide vaccines (i.e., immunogenicity, conformational dependence, localized high concentration delivery, and adjuvant supplementation) have kept Fig. 1 . Physical characterization of self-assembled GAS vaccine peptide amphiphile micelles. a J8-diC 16 peptide amphiphile structure with the B cell antigen shown in purple. b The capacity for J8-diC 16 to form micelles was evaluated by a critical micelle concentration (CMC) assay and a CMC of 1.71 μM was calculated. c TEM of J8-diC 16 revealed that PAs form short, rigid, cylindrical micelles. d CD showed that J8 peptide confined within the corona of micelles possessed altered secondary structure. Curve fitting revealed J8 peptide in solution had no detectable α-helicity whereas micelle-based J8 peptide exhibited significant α-helicity it from moving into human clinical trials. The design of a selfadjuvanting delivery device that overcomes these problems could yield the first commercial vaccine against GAS. While a variety of systems could be designed, micelles possess several advantages over other nanoparticle-based systems. Micelles are water soluble, which makes them easy to deliver via injection in comparison to non-soluble particles like polymeric or metallic nanoparticles that must be suspended (43, 44) , increasing solution viscosity and which have a tendency to agglomerate complicating their injectability (45, 46) . Also, since the micelle delivery device is comprised of the peptide itself, it is more than 80% peptide vaccine by weight which is considerably higher than the ∼25% maximum peptide loading possible with other nanoparticle delivery devices (47) . Previous research has shown peptide amphiphile micelles presenting a cytotoxic T cell epitope act as selfadjuvants that induce a strong immune response (33) , so the same platform technology was tested for its ability to facilitate an antibody-mediated response.
J8-diC 16 peptide amphiphiles were synthesized and shown to readily form micelles that possessed several desirable physical characteristics. Each J8-diC 16 micelle shown in Fig. 1c traps hundreds to thousands of peptides together, which greatly increases local antigen concentration upon interaction with immune cells compared to soluble peptide which can rapidly disseminate from the injection site. Also, many B cell epitopes including J8 are conformationally dependent, meaning their secondary structure is crucial for their immunogenicity (48) . A major issue with conformationally dependent peptide antigens is that since they lack the tertiary structure restraints of their native protein, they often lose their secondary structure. This is particularly evident with the J8 peptide which is highly α-helical in the context of the M1 protein (49), but possesses no Fig. 2 . Annealing GAS vaccine peptide amphiphile micelles altered their physical structure. a TEM of J8-diC 16 heated and then cooled to room temperature showed micelles transitioned from short, rigid, cylindrical micelles to long, flexible, cylindrical micelles. b CD revealed that annealing did not alter the α-helicity of J8 peptide in solution but did appreciably increase the α-helicity of micelle-based J8 peptide Fig. 3 . GAS vaccine peptide amphiphile micelles induced strong antibody isotype responses in vivo. Only mice given the J8-diC 16 vaccine produced appreciable IgM titers. Mice given J8+KLIP in IFA or J8-diC 16 vaccines produced similar quantities of IgG antibody that directly correlated to the number of vaccinations. In contrast, no antibody titers were observed for J8+diC 16 -SK 4 -vaccinated mice. While IgA titers were assessed, no mouse produced above background levels. Each point represents one mouse (N=6); bars represent the mean. Within a graph, groups that possess different letters have statistically significant differences in mean (p≤0.05) whereas those that possess the same letter are similar (p>0.05) α-helicity when isolated and in solution (Fig. 1d) . Interestingly, confining and crowding the peptide within the micelle corona gives an artificial tertiary structure that facilitates J8 peptide becoming highly α-helical (42.5%, Fig. 1d ), which agrees with previous research that has shown the capacity of peptide amphiphile micelles to reestablish native peptide secondary structure (50) (51) (52) . Annealing the micelles induced them to form much longer structures (Fig. 2a) with even greater α-helicity (50.5%, Fig. 2b ). This modulation allows for each micelle to deliver an order of magnitude greater number of peptides (thousands to tens of thousands) with nearly 20% more of them in the correct conformational state. It should also be noted that micelle peptide structure and elongation are interrelated phenomena. The increase in temperature allows for greater peptide folding into the native α-helical structure (51, 53) , which compacts the peptide head group of the amphiphile decreasing the overall molecular packing parameter (54) and allowing for longer micelle lengths.
Soluble J8 peptide supplemented with the strong physical adjuvant IFA and the universal T helper epitope KLIP Fig. 4 . GAS vaccine peptide amphiphile micelles induced strong IgG1-dominant antibody subtype responses in vivo. The strong IgG response induced by the J8+KLIP in IFA or J8-diC 16 vaccines was found to be predominantly comprised of the IgG1 subtype. While a few mice possessed above background titers for IgG2a and IgG3 dependent on the vaccine formulation they were given, these responses were not statistically significant. Also, no mouse produced above background levels of IgG4 titers. Each point represents one mouse (N=6); bars represent the mean. Within a graph, groups that possess different letters have statistically significant differences in mean (p≤0.05) whereas those that possess the same letter are similar (p>0.05) Fig. 5 . J8-diC 16 micelles do not stimulate TLR-2 in vitro. a Chemical structure similarity between diC 16 and Pam 3 Cys, a known TLR-2 stimulant. b HEK-293 cells transfected to express TLR-2 on their surface and luminesce when the TLR-2 is stimulated were incubated with PBS, 10 μM J8 peptide, 10 μM J8-diC 16 micelles, or 1 μM Pam 3 Cys. Only cells incubated with Pam 3 Cys strongly fluoresced whereas cells exposed to J8-diC 16 had similar fluorescence to the PBS and J8 peptide controls. Within a graph, groups that possess different letters have statistically significant differences in mean (p≤0.05) whereas those that possess the same letter are similar (p>0.05) induced a strong IgG response in mice after prime immunization followed by three booster immunizations (Fig. 3 ) While IFA has been used clinically in the past, there now exists serious concerns that it may cause autoimmunity (55, 56) and minimize the effectiveness of induced immune cells (57) . Vaccine adjuvanting systems capable of mediating similar responses to IFA have the potential to move peptidebased vaccines to the market. Annealed J8-diC 16 micelles were found to induce a strong J8-specific antibody response comparative to the J8+KLIP in IFA control vaccine formulation (Fig. 3) . In specific, J8-diC 16 micelles induced the production of IgM that peaked after the second booster vaccination and isotype switching that led to IgG titers that increased with each round of vaccination which is characteristic of a classical antibody-mediated vaccination response (58) . Further investigation into the specific nature of the J8-diC 16 -induced IgG response revealed that it was almost entirely comprised of IgG1 subtype (Fig. 4) which has been found to facilitate complement activation and macrophage engulfment as well as protect against GAS infections (59) . These results provide considerable evidence that peptide amphiphile micelles can act as self-adjuvants capable of inducing strong antibody responses against peptide antigens. While promising, the capacity for micelle-induced J8-specific antibodies to identify their cognate sequence within the M1 protein has not yet been studied. Future experiments will investigate whether J8-specific antibodies can preferentially bind native M1 protein presented extracellularly on wild-type GAS bacteria.
While the mechanism responsible for micelle adjuvanticity is currently unknown, a few theories do exist. First, micellization can induce native peptide secondary structure (e.g., α-helicity) and increase local peptide concentration which enhances conformationally correct antigen delivery at the injection site. Second, micelles are a nanoparticulate which may strongly interact with antigen presenting cells (APCs). In specific, hydrophobic moieties like diC 16 can act as danger signals known as pathogenassociated molecular patterns (PAMP) which can interact with pathogen recognition receptors (PRRs) called Toll-like receptors (TLRs), C-type lectin receptors (CLRs), NOD-like receptors (NLRs), and RIG-I-like receptors (RLRs) found on the surface of APCs (13) . The importance of micellization is evident by the lack of an immune response induced when J8 peptide was delivered in solution separately from micelles (J8+diC 16 -SK 4 , Figs. 3 and 4) . While some adjuvants like IFA can induce antibody responses for co-delivered antigens, peptide amphiphile micelles must directly deliver the peptide antigen in order to function as an adjuvant which is similar to other self-assembled peptide vaccines (60, 61) . With regard to PRR stimulation, while diC 16 has a chemical structure quite similar to Pam 3 Cys, it was found unable to stimulate TLR-2, the cognate receptor for Pam 3 Cys (Fig. 5) . This result combined with previous research that has shown a lack of TLR-2 stimulation and APC activation by peptide amphiphile micelles (33) provides convincing evidence that peptide amphiphile micelle adjuvanticity is conveyed by its ability to function as a delivery device instead of as a PRR stimulating system. However, other TLRs exist and will need to be tested in the future to confirm diC 16 -based micelles do not act as PAMPs.
CONCLUSIONS
While other work has shown lipopeptides and selfassembled peptides can be effective vaccines, this research is the first to demonstrate that peptide amphiphile micelles can be utilized as a self-adjuvanting vaccine delivery vehicle to induce a significant peptide-specific antibody response. Micellization allows for the fabrication of cylindrical nanomaterials mostly comprised of conformationally correct (i.e., α-helical) J8 peptide vaccine which can be enhanced by annealing. When delivered subcutaneously to mice, J8-diC 16 peptide amphiphile micelles induced a strong IgG1 antibody response similar to immunization with a conventional goldstandard vaccine formulation. Additional experiments revealed that micelle adjuvanticity appears to be conveyed by its peptide delivery capacity instead of through stimulation of danger signal receptors. These results provide evidence that peptide amphiphile micelles are a novel biomaterials platform that can be utilized to achieve desirable immune responses.
